Background -
Direct Chemical Oxidation is a low temperature (cl00 "C) process for destruction of organic waste material in aqueous media. The waste may be concentrated, in dilute solutions or dispersions, or distributed within an inorganic matrix such as sludge, soil or sand. The process uses the one of the strongest known oxidants, the peroxydisulfate ion, E&O,'-. The oxidation reaction is controlled by the rate of formation of the sulfate radical anion, SO, -, which is liberated by the decomposition of the peroxydisulfate by thermal activation, redox transition metal catalysis, or noble metals. Normally, the process operates without chemical catalysis at temperatures above 80 "C. At lower temperatures, various metals (Fe, Cu, Ag, etc.) and their redox ion couples can accelerate the formation of the radical anion and thus accelerate the oxidation of organic material.
We have tested the process through rate measurements of over 30 chemical substances, conducted studies of the process using batch, plug flow, and CSTR reactors, and scaled the process for destruction of chlorinated solvents following thermal hydrolysis (rates lo-15 kg/day). Most recently, a pilot plant has been constructed at LLNL for destruction of chlorosolvents in a system comprised of five 60-liter dual use (hydrolysis and oxidation) vessels, each capable of oxidation throughputs of about lo-15 kg/day.
The current work reported here concerns the application of the process to the destruction of energetic materials associated with demilitarization of munitions and rockets.
Objectives
The primary objective of this project in its first year (February -September 1998) was to determine appropriate operating conditions for oxidative destruction of small amounts of energetic materials from steel weapons casings. This work included bench scale studies and simulated process applications on a laboratory scale (grams organic in a matrix of kilograms of steel). A secondary objective was to develop test data relevant to one of the following: (1) the destruction of red and pink waters; (2) cleaning of stack gasses contaminated with TNT and related materials; and (3) removal of explosive materials from soils contaminated by open pit detonation or burning.
In a closely coordinated effort, we also sought to understand the role of low levels of catalysts known to accelerate the decomposition of peroxydisulfate into the sulfate radical anion. This is of interest in resolving two questions: (1) Can the presence of tramp ions in wastes accelerate the reaction beyond a safe rate at high temperatures of operation? (2) Might the process operating temperature be lowered below 60 C by additions of suitable transition metal catalysts? This work was supported in part by the Mixed Waste Focus Area of EM-50.
Transition metal Catalysis of Oxidation Process
Experiments were conducted at the laboratory scale (1.0 liter reactor), using acidic solutions of 1.0 M (NH,),S,O, and 0.1 M H,SO,. Catalyst ions were added in the form of the sulfate salts of the appropriate transition metal, except in the case of Ag, which was by addition of the nitrate salt. Solutions were put into lightly stoppered 250 ml glass flasks immersed in a water bath at the appropriate temperature. Four organic substrates were tested: ethylene glycol (Tables l-4 ), 1,3-dichloro-2-propanol (Tables 5-6) , and the hydrolysis product of 1 ,l,ltrichloroethane (Table 7) . Initial organic loading was between 500 and 6000-ppm total carbon, and the catalyst concentrations were varied between 1 and 1000 ppm (with the exception of additional Fe tests at 5900 ppm). Additional oxidant was added after each period as noted. DRE's were measured by Total Carbon Analysis (TCA) of the solution.
Oxidation of Ethylene Glycol
Results for oxidation of ethylene glycol are shown in Tables 2-5 , and Figures l-4. The destruction and removal efficiency (DRE) after 6, 12 and 18 hours are shown, for experiments conducted at 50-, 35-, and 20 "C. We have included bar charts of this data for clarity. Tables 5-6 and Figures 5,6. As with ethylene glycol, we have varied catalyst, catalyst loading and temperature. The differences in DRE between catalysts and the uncatalyzed reagents are unsubstantial. The chlorosolvent, 1 , 1,l -trichloroethane was hydrolyzed at T > 100 C under pressure until conversion to acetic acid and free chloride ion. The resultant mixture was then oxidized with and without transition metal catalysts at 20 "C (Table 7) . Again, the catalysts had little or not effect on long term oxidation. The effect of selected transition metal ions on oxidation rates were determined at normal operating temperatures 80 "C. Measurements were made of both the instantaneous concentration of peroxydisulfate (by titration) and the conversion of organic to carbon dioxide (by on-line IR gas analysis). Ethylene glycol and the hydrolysis output of chlorosolvent hydrolysis were used as substrates; several typical transition metals were tested with each.
Ethylene Glycol. Figure 7 shows the decrease in peroxydisnlfate concentration as a function of time during the oxidation of ethylene glycol (1400 ppm loading). Initial [I&O,'-] is 1.0 M, in 0.1 M H,SO,. Each of the catalysts systems, except for 100 ppm Fe(II), showed some catalytic activity for the decomposition of peroxydisulfate, with the silver system being the most pronounced. Figure 8 shows the output of carbon dioxide obtained during each of seven runs, with and without the catalysts as noted, during the oxidation of ethylene glycol at 80 "C. The expected output based on the amount of ethylene glycol initially added was 42Ok20 ml CO,. All of the results fall within this range, but the silver system is noticeably different, both in terms of a higher CO, output as well as a much steeper rise. Product of Hydrolysis of l,l,l-trichloroethane. Figure 9 shows the decrease in peroxydisulfate concentration as a function of time during the oxidation of hydrolyzed 1 ,l, ltrichloroethane (3400 ppm loading) at 80 "C. Initial [S,O,2-] is 1.0 M, in 0.1 M H,SO,. Again, these results are quantitatively similar to those obtained with ethylene glycol as the organic substrate, whereby all the catalysts showed varying activity with the exception of 100 ppm Fe(II). Figure 10 shows the output of carbon dioxide obtained during each of seven runs, with and without the catalysts as noted, during the oxidation of hydrolysis product at 80 "C. Insufficient oxidant was intentionally added to completely oxidize the organic to carbon dioxide. The expected output based on the organic content was 420*20 ml CO,. All of the results fall within this range except for the cobalt and silver systems. For cobalt, the accelerated loss of oxidizing power (figure 9) may have reduced the concentration of oxidant prematurely to consume all of the organic. Further loss of catalyst (with silver) may have resulted from AgCl precipitation. Figure 10 . The time-dependent release of carbon dioxide (from oxidation of hydrolyzed with various the catalysts as noted, during the oxidation of hydrolysis product at 80 "C. Insufficient oxidant was intentionally added to completely oxidize the organic to carbon dioxide. The expected output based on the amount of organic added was 420*20 ml CO,.
Conclusions of Catalyst Tests
Effect of Transition Metal Catalysts. All of the transition metals studied exhibited some effect on the rate of oxidation of the organic substrates by peroxydisulfate, although the magnitudes varied greatly. This is not surprising, as peroxydisulfate has a sufficient oxidation potential to oxidize all of the transition metals to their highest valent state, and the participation of these higher valence states in organic oxidation is well known. It was generally the case that the transition metals which exhibited the most facile organic oxidation capability (Ag(II), Co(III), Fe(II1)) also exhibited the most pronounced catalytic effect in these studies. Note that this order of catalytic effectiveness is surprisingly similar to the results obtained on Mediated Electrochemical Systems. Although an all-encompassing maxim for the rate enhancements obtained with a specific catalyst is not possible, a general rule of thumb is that the effectiveness of the catalysts followed the general order Ag>>CoXu,Fe>Pt.
Individual results varied depending on the temperature regime, the organic substrate, and the matrix. This has been noted before in the literature. The above results lead to the conclusion that catalysis of organic destruction by peroxydisulfate is merely due to the formation of another, favorably solvated transition metal cation with a high oxidation potential.
Complete destruction of the organics tested was achievable with silver as a catalyst, even at 20 "C in a relatively short time, and cobalt, iron or copper showed some enhancement although a much longer time was required. This result is backed by previous literature studies as discussed above. However, it was also noted in this current study that different organic substrates exhibited different behavior with respect to catalysis.
In all the cases studied, the enhancement of the organic destruction rate was a function of the catalyst concentration, and this is reflected in the literature as well (Eq. 4). Thus, higher rates of organic destruction can be achieved with higher catalyst concentrations. Due to the copious data available in the literature, a systematic reinvestigation of the order of the catalyst concentration on the rate equation was not attempted.
Although rate equations such as that shown in Eq. 4 would predict that destruction of organics might be faster with higher oxidant concentrations, the present work was not sufficiently detailed to either bolster or refute this statement. Additional oxidant made only a slight difference in DRE's, at least at close to ambient conditions. However, with higher organic loading it may be necessary to periodically replenish the oxidant in waste treatment systems. See also the following section regarding oxidant concentration.
During catalyzed oxidation, there is an incubation period during which the carbon content of the solutions is unchanged from the initial value. This is presumably reflective of the fact that oxidation is occurring, but has not proceeded to the stage of evolving carbon dioxide from the solution and thus the carbon content of the solution remains unchanged from the original value. This incubation period was not noticed with silver, as oxidation with this catalyst proceeded much faster than the sampling timescales at the temperatures tested.
In waste systems containing chloride ion, or containing organic chlorine, silver ion is ineffective as a catalyst. AgCl, being highly insoluble, immediately precipitates thus removing the active catalyst. Along these same lines, silver will be ineffective as a catalyst in systems where the pH is sufficiently high to result in the precipitation of silver hydroxide. In fact, this latter characteristic would presumably be extendable to all potential transition metal catalysts in systems at high pH. Figures 7 and 9 , the concentration of peroxydisulfate decreases rapidly at 80 "C due to its reduction by organic and, to a lesser extent, water. All of added transition metals tested had some effect (with the exception of low concentrations of iron), and this effect was towards an acceleration of the peroxydisulfate decomposition rate. In the case of ethylene glycol as the added organic substrate (Figure 7) , silver ion showed the highest perturbation, which is expected based on the fact that silver showed the highest catalytic effect in the destruction tests. The effect of silver was not nearly as pronounced in tests where chloride ion was present (Figure 9 ). Based on results obtained with and without catalysts at 80 "C, peroxydisulfate does not appear to be a very aggressive oxidant at concentrations of less than about 0.3M. Catalysts did not change this cutoff value appreciably. Thus, any DC0 waste treatment system would have to keep the oxidant concentration greater than 0.5M for optimal efficiency.
Decomposition of Peroxydisulfate. As shown in
During the experiments, it was noted that additional heat outputs were obtained at 80 "C with the catalysts, and the amount of extra heat correlated well with the acceleration in peroxydisulfate decomposition/organic destruction (Figures 7-10 ). As noted in the organic destruction tests detailed in the previous section, silver exhibited the most pronounced effect. As the oxidative destruction of organics is exothermic, any organic waste treatment system using peroxydisulfate must take into account the extra heat output encountered when transition metal ions (especially silver) are present.
It was noted that, when treating chlorinated organics, catalysts also affected the production of chlorine gas. However, this effect appeared random; in some cases the chlorine production (observed by watching the reactor offgas trap color) was immediate and quantitative and in other cases it was minimal. Chlorine production is regulated by the pH-dependent equilibrium between Cl and OH free radicals:
Cl + OH-= Cl-+ OH Because peroxydisulfate oxidation may give rise to large changes in pH (due to formation bisulfate products, which consume H'), part of this randomness might reflect changes in pH which were not always monitored.
Decontamination of Shell Casings
A series of experiments were done to determine the effectiveness of Direct Chemical Oxidation for the destruction of trace organics on shell casings consisting of mild steel or brass. In the first set of experiments detailed below, the heat rise associated with the decomposition of the oxidant (either through organic or water oxidation) was measured to determine if any unsafe thermal scenarios might be envisioned. In the second set of experiments, the relative rates of destruction of ethylene glycol vs. dissolution of mild steel were measured. These experiments were done in acid media, similar to that used in organic waste destruction.
The expected result of rapid corrosion of metals in the presence of acid led us to consider sustaining the oxidation reaction in alkaline medium, with the objective of passivating the mild steel casings while destroying any organic material present. This approach proved to be successful, and led the proposed process for cleaning demilitarized shells of the last traces of explosives or propellants. Also, the last step in organic oxidation is the conversion of formaldehyde into carbon dioxide. Detection of trace levels of formaldehyde in the off gas (by, for example, mass spectroscopy) gives and indication of ongoing and incomplete oxidation of organic explosives, while the absence of formaldehyde is an indication of complete destruction.
Thermal Safety Experiments
In the first set of experiments, hot oxidant was added to metals used in shells (including copper, brass and mild steel). One hundred and fifty (150) 4.3 Oxidation of organic explosives and propellants on steel, copper or brass casings in alkaline solutions.
We next sought to determine whether the metal oxidation could be selectively inhibited by passivation under alkaline conditions. Here, the approach is to use the peroxydisulfate to anodically passive the metal in alkaline solutions by raising the corrosion potential into a passivating region. In Table 8 , the rates of corrosion of steel, brass, copper (and of all three in electronic contact) were measured. In all cases the corrosion rates are negligible. The presence of chloride (as KCl) did not significantly increase corrosion rates, even though the chloride is a known accelerating agent for corrosion in alkaline solutions. Finally, we conducted oxidation tests on ethylene glycol (Figure 14 , 15) and on 2,4 dinitrotolulene (DNT; a surrogate for TNT) in alkaline solutions of peroxydisulfate. In the case of the ethylene glycol, oxidation was allowed to go to completion and the pH of the solution was allowed to fall due to the conversion of peroxydisulfate to the mildly acid bisulfate (Figure 14) . The pH was forced to low levels by addition of concentrated sulfuric acid (Figure 15) . In both cases, the organic was substantially destroyed without appreciable oxidation of the metal substrate. In Figure 16 , DNT was also oxidized in the presence on mild steel in alkaline solution. Although insufficient oxidant was use for complete destruction of the DNT, the metal was left uncorroded.
The destruction of DNT provides the basis for cleaning trace explosives from demilitarized shells having mild steel, copper and/or brass components. The alkaline medium and oxidizing strength of the peroxydisulfate raises the corrosion potential of iron, copper and brass into a passivating level, so that consumption of the oxidant by corrosion of the metal is negligibly small. The alkaline/peroxydisulfate combination, however, is very effective for destruction of organic material and probably operates through a combination of sulfate radical anions (SO6) and hydroxyl free radicals (OH). Since the last step of oxidation of organic substances by peroxydisulfate involves the oxidation of formaldehyde intermediates to carbon dioxide, a sensitive test for completeness of oxidation of explosives is defined. If trace levels of formaldehyde are found in the mass spec analysis of the offgas, then oxidation of an organic is still proceeding. If pure oxygen is found to be evolved from the system, and no formaldehyde is present, then the peroxydisulfate is still present (oxidizing water) but the organic material has been completely oxidized. This can be an extremely sensitive test, limited only by the sensitivity of the mass spectrometer for a given (formaldehyde) signal in the presence of larger amounts of oxygen. Final report on Joint DOE/DOD Project page 21 DC0331, 5-I 5-98 350 ml of 0.5M Na 2S20,,1.0M NaOH 9.99 gms mild steel *, . 5011 2,4-dinitrotoluene g Temperature 80-87 'C.
System at 80 "C.
Time, hrs. ** 471.8 ml CO, theoretical so 89.2% destruction if DNT Figure 16 . Oxidation of explosive surrogate, 2,4-dinitrotoluene was found with basic oxidant and negligible weight loss of the metal stubstrate.
4.4 Oxidation of TNT in acidified solutions of peroxydisulfate. Earlier, we conducted tests on the oxidation of 2,4,6-trinitrotoluene (TNT) in aqueous peroxydisulfate solutions. These results are reported here and in an internal document. TNT was destroyed in a small batch reactor, using uncatalyzed 4 N ammonium peroxydisulfate at 95 "C. The material was destroyed below limit of detection in less than 15 minutes, indicating a formal first order rate constant of 0.06 mine'. A crude estimate of scaleup rates indicates a throughput of 1 tonne/m3-day.
Experimental Technique and Results. Tests were conducted on the oxidative destruction of 2,4,6-trinitrotoluene using uncatalyzed 4 N ammonium peroxydisulfate at 95 C. A 1-L batch reactor vessel with reflux column was loaded with 100 ml of 0.1 M H,SO, and preheated to 95 "C. One gram (1 g) of granular TNT was injected; the TNT immediately melted to form a dispersion of fine globules.
Using a peristaltic pump, 4N (NH,),S,O, was introduced at a rate of 5.5 f 0.5 ml/minute. After 10 minutes, the TNT separate phase had vanished, and a sample was taken, chilled, and analyzed for total carbon using a calibrated TOC machine. The experiments were repeated twice, with oxidant injection terminated after 15 and 30 minutes, and residuals analyzed as before. The peroxydisulfate concentration was determined by reduction by excess Fe(II), followed by titration with a standardized solution of 0.1 N IS&O,.
The TOC was calibrated using 25-ppm solutions of sucrose. Results are summarized in Table 9 .
TNT has a molecular weight of 227.13 g/mol, a weight fraction of carbon of 0.37, and an equivalent weight of 6.3 1 g/equiv, based on the stoichiometry oxidation half reaction:
C,H,(NO,), + 17 H,O = 7 CO, + 3 HNO, + 36 H' + 36 e.
Initially 1 g (0.159 equivalents) were added to 100 ml of acid, thus producing a carbon concentration of 3627 ppm (as C) and a total amount of carbon of 0.37 g in the vessel. After 10 minutes, 55 ml of oxidant were added (containing 0.22 equivalents), the TNT separate phased had vanished, and analysis of the product showed 0.045 g of carbon remaining in the solution, or 87.7% destroyed--an apparent oxidant utilization of 63%. After 15 minutes of oxidation, the carbon content of the resultant liquid fell below the limit of the TOC analyzer (-0.5 ppm), or 42 ppm when corrected for dilution prior to test, with an apparent utilization of oxidant of 0.159/0.33 = 48%. This indicates that more than 99.9% of the material had been destroyed in 15 minutes at 95°C by 4 N peroxydisulfate, with a utilization of between 48 and 63%.
We can calculate a formal rate constant, based on the assumption of first-order reaction kinetics. Using concentrations expressed in equivalents, the rate constant is k, -(0.159*0.877/0.22)/10 = 0.06 min-'. This value is in the midpoint of values measured for destruction of bulk ethylene glycol, triethylamine, oxalic acid, etc. , and supports the general model that uncatalyzed peroxydisulfate oxidation is controlled by the thermal decomposition of the oxidant to form the sulfate radical anion. The Attached chart shows the rate superimposed on data for trace-level organic compounds as well as data taken from destruction of bulk organic compounds, with rates extrapolated from rate data for formation of the free radical.
Projections of throughput. We can make a crude estimate of the throughput of a waste destruction technique, simply by scaling the rate data to a l-m3 vessel fed with 4 N oxidant and TNT.
Based on this rate, the projected throughput of the process (using 4 N ammonium peroxydisulfate, 50% utilization) is roughly 1.1 tonne/m3/day, as computed from:
Throughput -50% * 0.06 mine' * 4 equiv/L * 6.3 g/equiv = 0.756 g-TNT/L-min Figure 17 . Given are rates of destruction of 20 diverse organic substances at trace levels, TNT at bulk concentrations 1% (circle), and other test chemicals (ref [l] ) are plotted against reciprocal absolute temperature. The rate of formation of the sulfate free radical from uncatalyzed thermal decomposition of peoxydisulfate are also given, supporting the theory that peoxydisulfate destruction of organic compounds is determined by the initial formation of the sulfate radical anion [4, 5] .
